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The- feasibility of analyzing an optical communi-
cation system usi~g standard electronic circuit analysis 
pr~grarns such as SCEPTRE and ASTAP is demonstrated in this 
thesis. The transmitter (laser and modulator) and recelv-
er (detector and amplifier) are modelled usi~g equivalent 
circuits for the various components. The transmission 
medium (optical fiber) is modelled using an impulse re-
sponse function. Two fibers are investigated--a step-
index fiber and 'a square-law (parabolic index) fiber. 
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.l 
I . INTRODUCTtON 
This· paper describes . the modelling and performance 
analysi~ of a d~gi tal, optical corrununication system. Th.e 
system ·analyzed consists of the following elements--laser, 
modulator, optical wav~guide, detector, and amplifier. 
The s~gnal out of the modulator is dete9ted using a thres-
hold detector. A block diagram of the system is given in 
F~gure 1. 
rhe d~gital data consists of a positive volt~ge when 
a "lr"' is sent and no volt?-ge when a "0" is sent. The data 
rate is chosen based on the system b~ndwidth, the repeti-
tion rate achievable with the laser, and the timing format· 
· of the data. 
Two optical fibers are examined. The first is a 
step-index fiber. A step-index fiber is one in which the 
index changes abruptly at the interface between the core 
and the claqding. It has a narrow bandwidth and thus 
supports only low data rates--about 1 to 2 MHz maximum 
for a five kilometer system. The second fiber examined 
is a parabolic index fiber. A parabolic (square-law) 
fiber is one in which the index of refraction falls off 
. gradually (as the square of the radius) from the center 

































































































































data rates than the step·-index fiher. The sy·stem discuss-
ed in this paper contains a parabolic index fiber and is 
optimized for a data rate of 125 MHz. The optical fiber 
1s modelled usi~g its impulse response function.· 
Two electronic design programs are used as analysis 
tools. The first pr~gram (SCEPTRE) has an internal time 
domain convolution feature per~itting the fiper to be ln-
cluded 1n the SCEPTRE analysis as an impulse response 
function. Thus the total system may be analyzed usi~g 
SCEPTRE in one computer run. Since most electronic cir-
cuit analysis programs do not contain time domain con-
volution routines a second program (ASTAP) not containi~g 
this feature has been used. To handle this case the 
modulator output from the AS·TAP transmitter analysis is 
written into a data file. A separate convolution routine 
has been written which reads the data file, performs the 
convolution .with the impulse response of the fiber, and 
writes the input photocurrent for the detector onto a data 
file. The ASTAP receiver routine reads the data from the 
file and runs the detector and amplifier models. There-
fore, three computer runs are used to analyze the system 
using AS TAP. 
Both SCEPTRE and ASTAP include Fortran subroutine 
capabilities. Detector and amplifier noise is modelled 
usi~g Fortran subroutines which call Gaussian random 
4 
number . generato.rs to .. generate no1se currents of the proper 
root ·mean square (irns) value. 
The ~ommunication system is ana~y·zed under two 
conditions--idealized conditions and real world ·conditions. 
In the real world case the sy·stem encounters extra loss 
due to splices, bendi~g of the fibers, coupling losses, 
etc. Both systems have been run with both signal and 
noise present to determine output pulse shape. Also the 
signal and noise have been run separately so that signal-
to-noise ratios and error rates for the system can be 
determined. 
5 
II. MODEL DEVELOP~NT 
The optical communication network analyze·d in this 
paper Qonsists of five major components--laser, modulator, 
optical waveguide, detector, and amplifier. The models 
used to describe these components are discussed below. 
Laser 
A semiconductor injection laser has been chosen for 
this communication network. The small physical size of 
the injection laser makes it well-suited to optical wave-
guide applications. Other advantages of semiconductor 
lasers that make them attractive for optical communication 
-networks · are that they are rugged, highly efficient, and 
can be pumped and modulated easily by means of the injec-
tion current. Il] 
~. 
The particular semiconductor injection laser chosen 
lS a double-heterostructure (DH) stripe-geometry AlGaAs 
junction laser. A double-heterostructure laser I2, 3] is 
one ln which the radiation is confined to the lasing 
medium by two (AlGa)As-GaAs heterojunctions. These 
devices have improved radiation confinement capability 
compared to si~gle-heterostructure or homojunction type 












(AlGa) As n+ 
F~gure 2.--Cross-sectional Diagrams 6£ the Three 
T.y·pes of Junction Lasers 
6 
7 
ment capabilities of these ·three types of junction lasers. 
A str~pe-geometry laser is one in which electrical 
contact to the laser material is made only· a·long a narrow 
stripe across the center of the diode as opposed to a 
broad area laser in which the electrical contact covers 
the entire surface of the diode. The stripe~geometry is 
particularly useful for optical fiber applications since 
the radiation is emitted from a small region which aids 
in coupling the radiation into small numerical aperture 
optical waveguides. Also, since the active region is 
small it is easier to make a reasonably defect-free 
operating area. Operati~g current densities can be made 
. small with the stripe~geometry since a small active area 
is combined with large area contacting procedures. 
Reliability of the stripe-geometry laser is better than 
that of the broad-area laser since: (l) thermal dissipa-
tion 1s improved due to the active area of stripe-
geometry lasers being imbedded in an inactive semicon-
ductor material and (2) the activ~ region of the stripe-
geometry laser is protected by the insulating material 
over most of its surface area. !3] 
It has been shown {4] that double-heterostructure 
lasers can be modelled by a resistor in series with a 
diode, where the diode follows the classical equation 
I = I Iexp (q V./QkT)-1] 
s J (1} 
where Is is the saturation current, q is the electronic 
charge, Vj is the jun6tion volt~ge, n 1s a constant, k is 
Boltzmann's constant, and T is the temperature. 
8 
T.he equivalent circuit used to describe the laser in 
this analysis is given in F~gure 3. The laser has a 
constant de bias current (Ibi~s) · of 100 rna applied ·to it 
to keep it constantly near threshold !4]. This improves 
modulation capabilities. The drive current (Idrive> is a 
pulsed current with a peak current value of approximately 
75 rna. This combined peak current of 175 rna applied to the 
laser corresponds to a peak laser output of approximately 
10 mW [1,. 4]. An internal resistance of 1. 78 n is used for 
the diode in this model. The diode is characterized by a 
saturation current of 8.57 x 10-14 rna and nkT/q = 0.0435 v. 
[4] A typical value for the shunt resistance of 10 7 n is 
used. [ 4] 
Ib. 1as 
100 rna 






10 7 n 
Figure 3.--Equivalent Circuit of DH Stripe-Geometry Laser # 
9 
Modulator 
The modulator 1n this carrununi.cat·ion network is not a 
piece of hardware. It is the repponse of the laser to 
driving current pulses. rt is modelled by· a lowvass 
filter which gives the time constant of the laser response. 
Using a ' modulation frequency of 1.2 GHz IlJ and assuming 
that the rise time is _ given by 0.3 divided by the fre-
quency, the rise time of the laser is 250 ps. Since the 
rise time is the time required for a decaying exponential 
to fall from its 90 percent level to its 10 percent level, 
the time constant of the laser is 114 ps. 
Figure 4 gives the equivalent circuit of the mod-
ulator. The values of the resistor and the capacitor have 
been chosen such that the time constant of the circuit (R 
times C) 1s 114 ps. The modulation current (Imod) is 
equal to the current through the diode. 
I 
mod c 1.14 pf 
R 
100 n 
F~gure 4 · . . ~-Equivalent Circuit of Laser Modulation Response 
10 
·Fiber 
Two multimode, optical wavegutdes with circular 
cross sections are studied for use in this communication 
system. The - first is a step-index fiber and the second is 
a square-law (parabolic) graded index fiber. The analysis 
shows that the graded index fiber can handle higher data 
· rates than the step-index fiber due to its narrow impulse 
response function. 
Multimode waveguides have been chosen since more 
efficient coupli~g of energy into the wav~guide can be 
attained with multimode waveguides as opposed to single-
I 
m6de waveguides. The main disadvantage of rnultirnode 
propagation is the pulse spreading due~ to the differi~g 
group velocities of the various modes. Pulse broadening 
. is undesirable since it places a limitation on the max-
imum data rates the fiber can handle. If the data rate is 
sufficiently fast compared to the response time of the 
fiber, the pulses may smear together and lose their 
information content. The pulse spreading in a mult~mode 
fiber can be decreased by proper selection of the index 
variation as a function of radial distance from the 
center of the fiber. 
The fibers studied here have a circular cross section 
and a circularly symmetric index profile. The circular 
fibers have been chosen since circular fibers are more 
ll 
readily· available connnercially, (due ·to the ease in manu-
facturi~g) than fibers of other cross ·· sections. 
A step~index fib~r consists of a h~gh index core 
. -
surrounded by a lower index claddi~g. The index variation 
of a typical step-index fiber is given 1n F~gure 5. A 
square~law graded (parabolic) index fiber is one whose 
index falls off gradually as the square of radial distance 
from the center (F~gure q) • Th~ relationship between the 
index and the radial distance of the fiber is . given by 
no ~ - !::.. ~~] 0 < r ~ a , -
n - (2) 
ncl I r -- ~ a 
where n
0 
is the index at the center of the waveguide, ~ is 
a fiber parameter controlling index drop from center to 
the core of the fiber, a is the radius of the waveguide 
core, r is the radial distance from the center of the wave-
guide, and ncl 1s the cladding index. The cladding is 
sufficiently wide and absorbing that no radiation of 
interest leaves the cladding and enters the surrounding 
a1r. 
The fiber for this communication system is modelled 
using its impulse response function. The output waveform 
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Radius of Fiber 
Figure 6.--Index Profile of a Parabolic · (Square-Law) 
Index Fiber · 
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13 
of the fiber to _ g1 ve the outp.ut .J?ulse from the fiber. 
The impulse response of a _ general . graded. index fiber 
whose index follows the relation 





n(r) = (3) 
k 
no £1 - 2Ll] 2 
' 
r > a 
is given, when a is significantly differe.nt from 2, by 











and by zero outside these bounds. Also, the impulse 
response is g1ven by 
, S T < 2c 
h (T) -
-0 , otherwise 
n · L 0 
( 
.Ll~) 1 +-2 
(5) 
14 
. when a equals 2, where 
no= index of refraction at the · center of the fiber, 
a = radius of the fiber core, 
--
r - radial distance· from the center of the fiber, 
~ = _fiber parameter controlling the index drop from 
the center of the fiber to the cladding, 
a = order of the fiber, 
c = _speed of l~ght 1n a vacuum, 




y = attenuation coefficient of the fiber. 
The derivation of these impulse _functions is given 1n 
Appendix 1. 
For a small ~' we can expand the square roots 1n 
equation (3) in a binomial series. Droppi~g second order 
terms and h~gher, T..ve get 
{noG- - ~ - (~)j .,~ -r < a 
n(T) ~ (6) 
ll 0 [1- ~] , r > a 
For a equal to 2 this equation reduces to a square-law 
(parabolic) fiber index variation (as given in Equation 
(2)), where the cladding index is given by the core - i n dex 
at r = a, 
( 7) 
15 
Therefore, equation (5) lS the ·impulse response of the 
square-law fiber. 
As a approaches infinity· the index variation becomes 
no r < a 
' 
n (r) = ( 8) 
no [ 1 - /j. j r > 
' 
a 
Thus ln the· limit as a approaches infinity the fiber 
becomes a step index fiber where the cladding index is 
given by equation (7). Therefore, the impulse response of 
the step index fiber can be found by taking the limit of 
equation (4) as a approaches infinity. Taking this limit 





0 , otherwise 
(9) 
From these impulse response functions we see that 
these fibers are characterized by four fiber parameters: 
~ - index drop from core to claddi~g, 
n 0 - index of refraction at the center of the fiber, 
y - attenuation coeffidient of the fiber, and 
L - le~gth of the fiber. 
Let us choose typical values for these parameters. 
Typically, ~ is on the order of .01 to .02 and the index 
16 
of ref.racti.on lS approximately 1. 5 I5J . The value tJ.. = 
.015 is used in this analysis. State-of-the-art attenu-
ation f~gures of 4 dB/km for step-index fiber$ and of 
20 dB/km for . graded-index ·fibers are . given by Mi.ller in. 
Reference 5. However, since the publishi~g of Miller's 
article l5J , Bell Laboratories have reported attenuation 
as low as 5 dB/km in a graded-index fiber. [6] An atten-
uation of 5 dB/km is used for both fibers thro~ghout this 
paper. Using 5 dB as the power loss over a 1 kilometer 
length of fiber we get the following ratio of input to 
output power of the fiber 
Pin/Pout = 3.1623 (10) 
However, since the attenuation is given by e-yL where y is 
the attenuation coefficient and L is the length of the 
fiber we have 
Pin/Pout - 3.1623 - e-y(l km) (.11) 
-1 
which g1ves an attenuation coefficient of 1.151 km . 
Let us consider the response of the fibers to stand-
ard input pulses such as square pulses and Gaussian pulses. 
If x(t) is the input pulse and h(t} is the impulse response 
of the fiber, then the output pulse, y(t), from the fiber 
is given by· the convolution 
17 
CXl 
y (t) - h * X =~ h C\ l x ( t - ~ ) · d~ (l2} 
-oo 
Figure 7 g1ves the results of putting a square pulse 
defined. by 
1 . 0 < t < 200 ns I 
- -
X (t) = · (~3) 
0 . otherwise I 
into the step-index fiber for fiber lengths of 1, 5, and 
10 km. It can be seen that the fiber attenuates, stret-
I 
ches, and delays the signal. For a fiber le~gth of 5 km 
the data rate is limited to about 1.0 t0 2.0 .MHZ and the 
signal has been attenuated ~y 3 orders of magnit~de. Due 
to the lorig pulse width and great attenuation, ten kilo-
meter lengths of this fiber are impractical. 
Figure 8 gives the response of the step-index fiber 
(of 1, 5, and 10 km lengths) to a Gaussian input pulse. 
The Gaussian pulse has a mean of 100 ns. The variance has 
been chosen so that the 2 a points occur 100 ns from the 
mean. Therefore, the Gaussian pulse is given by 
x(t) 
-[(t-100)/50] 2 /2 
(14) = e 
for all t. Again we see that the pulses are attenuated, 
stretched, and delayed. Maximum data rates for a five 
18 
kilometer le~gth of f.iber are ·again 1.0 to 2.0 MKZ and the 
attenuation still is about three orders of magnitude for 
the five kilometer fiber . . 
Figures 9 and 10 . give the response_ of the _square-law 
(parabolic) graded-index fiber to square and Gaussian 
pulses; respectively. The square pulse is a one nano-
second pulse defined by 
1 ; 0 < t ~ 1 nsec 
x(t) = ( 15) 
0 ; otherwise 
The Gaussian pulse has a mean of 1/2 nanosecond and a 
standard deviation of l/4 nanosecond and is given by 
~ 
x(t) = e [(t- .5)/ .25] 
2
'/2 (16) 
Figures 9 and 10 indicate that data rates as high as .1 to 
.3 GHz can be handled with a five kilometer parabolic 
index fiber. The higher data rate achievable with para-
bolic index fibers as compared to step-index fibers is due 
to the narrower impulse response of the parabolic index 
fiber. 
Recent literature reports fiber attenuation as low 
as 3 dB/km. [7] For comparison the response of the fibers 
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Figure 10.--Convolution of Gauss i an Input Pulse w1th 
Impulse Response of Square-Law (P a rabolic) Fiber for 
Several Fiber Le~gths 
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thro~gh 10 for a five kilometer le~gth of fiber. 
For reasons of cost and availab1lity· the 5 dB/kf!l 
fiber is chosen for use in this communication system. 
Attenuation data suggests that a five kilometer . fiber 
length may be the maximum practical le~gth. The graded-
index fiber is chosen for the h.igher data rates which can 
be handled as compared to the step-index fiber. 
To handle the interface between the laser/modulator 
models and the optical wav~guide model let us assume that 
the optical power into the fiber equals the electrical 
power out of the laser/modulator times the- laser-efficien-
cy times the coupling efficiency between the laser and 
the fiber 1 i . e . 1 
p . 1 opt1ca - p . 1 · electr1ca ( 17) 
where n1 .is the laser effieiency-and -nc is the _coupling 
efficiency into the fiber. The electrical power out of 
the laser/modulator is given by 
P = VI = V2 /R 
electrical 
( 18) 
where V is the voltage across the load resistor of the 
modulator, I is the current through the modulator's load 
resistor, and R is the load resistance of the modulator. 
Thus, we can rewrite the optical power into the fiber as 
24 
P . = V 2 QlQ ( R: (19) 
opt1cal · - c • 
Let us consider the laser efficiency·, Q 1 . When the 
laser is driven with a cu~rent of 175 rna the output power 
of the laser is lOmW Il, 4]. From Figure 3 we see that 
the current through the series resistance is approximately 
175 rna s1nce very li·ttle current leaks around the diode 
through the shunt resistance. ·Therefore, the current into 
the modulator (which equals the current through the diode 
or series resistance of the laser) is also approximately 
175 rna, peak. If the modulator is driven by this current 
175 rna will flow through the · load resistor of the modula-
tor after the capacitor charges. Thus, the peak po~er out 
of the modulator is 
Pmod = I 2 R = (.175 amp) 2 (100 s-2) = 3.06 Watts, (20) 
which gives a laser efficiency of 
= lOmW/P - 10 x 10- 3 W/3W = 
- mod .33% . ( 21) 
Typical coupling efficiencies are 63 percent for a 
GaAlAs laser into a step-index fiber and 15 percent for a 
GaAlAs laser into a graded-index fiber [8]. 
Detector 
The detector chosen for this communication system is 
an avalance photodiode. An avalance photodiode is a p-n 
25 
junction type photodetector which is operated at a · high 
reverse bias voltage resulting ln avalanche multiplication 
(9]. The avalanche photodiode has been chosen because the 
- -
small size simplifies coupling to the fiber and because it 
has good response at the wavele~gth of GaAlAs lasers (.75 
to .9 ~m). Other requirements that the detector must 
satisfy are: (1) sufficient bandwidth and speed of re~ 
sponse to handle the data rate of the communications; (2) 
low noise; and (3) low susceptibility of performance 
characteristics to environmental conditions. Photodiodes 
can satisfy these requirements. [10] 
The equivalent circuit given 1n Figure 11 is used to 
model the detector in this paper. The current source IPh 
is the signal. Two noise sources are included in this 
I t 
ph 
I t I f R 








Figure 11.--Equivalent Circuit of Avalanche Photodiode 
detector model thermal noise and shot no1se. Thermal 
(or Johnson) noise is noise caused by· the random motion 
26 
of cha:r:ge carr1ers within an element. Th.e the.rmal no1se 
depends on the temperature of the detector and the band-· 
width of the detector electronics. Ill, 12] The effective 
mean-square thermal noise current is given by Il~] 
J i~hermal' ( 2 2) 
where k - Boltzmann's Constant = 1. 380622 x 10- 23 J/°K, 
Teff effective noise temperature, 
Req = equivalent resistance of the photodetector 
and output circuit, and 
B = noise bandwidth of the detection 
system. 
Shot noise is noise caused by the random generation and 
flow of mobile charge carriers. The magnitude of the -shot 
noise depends on the current flowing through the element. 




where q =electronic charge= 1.6021917 x 10-.1-9 
Iph = Photocurrent s~gnal, 
Id = dark current, 
M = carr1er multiplication, 
(23) 
caul.· , 
x = deviation :erom square--law carrier multiplica-
tiol!- 1 
and 
B = noise bandwidth of the detection syste~. 
The transient response 1s modelled by means of a sh.unt 
resistance (Rshunt) 1 a diode capacitance (C) 1 a series 
resistanc~ (Rseries> 1 and a load resistance (Rload). 
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The particular detector chosen for this cornmunica-
tion system is a Texas Instruments Silicon Avalanche 
Photodiode 1 TIXL69. It was chosen for its la~ge bandwidth 
and low noise. The capacitance of the photodiode is 30 p£ 1 
the series resistance is 5 n1 and the shunt resistance is 
large fl4] . A typical value for the shunt resistance of 
100 Kn has been chosen. The load resistance is 10 n giv-
1ng an equivalent resistance of the detector of ~ 15 n. 
Let us consider the mean-square thermal noise current 
of this detector. The effective noise temperature is 
approximately 298° K and the equivalent resistance of the 
detector and amplifier is 15 n. The gain-bandwidth 
product of this detector is 80 GHz Il4]. When the reverse 
voltage is near the breakdown volt~ge (typically ~~70v for 
" 
this detector) the gain is app~oximately 100 Il4] which 
gives a bandwidth of .80 GHz for this detector. For the 
five kilometer graded-index fiber the pulse width is 
approximately 4ns givi~g a maximum data rate of .25 GHz. 
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The amplifier will be des~gned with a .25 Gliz bandwidth 
. givi~g a detec~ion system noise bandwidth- of - .25 -GHz. 
Using these values in equation (22) we . get a mean-square 
thermal noise current of ."524 pa. This noise source 1s 
modelled as a current source us1ng a Gaussian random 
number . generator with a mean of zero and a standard de-
viation of .524 ~a. 
Next, let us consider the mean~square shot noise. 
The dark current is . given by 
I = I + MIB d s ( 2 4) 
where I
8 
is the surface current, M is the gain, and IB is 
the bulk current. The surface current of ~ this detector is 
40 na and the bulk current typically is 140 pa. There-
fore, when operating near breakdown voltage, the ga1n 
(carrier multiplication) is - 100 and the dark current is 
54 na. ·---The deviation from square-law carrier multipli-
cation (x) is .3 and the bandwidth is .25 GHz. Therefore , 
the mean-square shot noise is given by 
)i 2' 
s 
J 1.72 X 10- 13 + 3.19 X 10- 6 Iph rna 
( 25) 
where Iph 1s the s~gnal current, before multiplicati on. 
The interface between the fiber and the detector is 
29 
modelled by converting the opt1cal power out of the fiber 
into a detector signal current us1!lg the follo'Vvi~g expres~­
ion 113] 
Iph = n q poptical 
hv 
where n - the quantum effi?iency, 
(26) 
q - electronic charge = 1.6021917 x 16- 19 Coul, 
Poptical = optical power, 
h- Planck's constant= 6.6256 x 10- 34 J-s, and 
v = optical frequency. 
The expression Poptical/hv is the average number of 
photons per unit time and the expression Iph/q is the 
average number of electron-hole pairs collecte ~d across 
the junction region of the photodiode. The quantum 
effiency gives the percentage of photons _which Wlll produce 
electron-hole pairs. The quantum efficiency of this de-
. teeter is 40 percent 114] . tJsing the optical frequency of 
3. 33 x 10 14 .Hz (since the wavelengt-h is . 9 llm} · _ e can 
convert the optical power out of the waveguide into a 
detector signal current using equation (26). 
The detector noise (for the small signal case ) 1s 
approximately equal to 3.32 pa which 1s equivalent to 
.11 ~W according to equation {26). 
30 
Amplifier 
For simplicity the amplifier 1n this conununication 
system is modelled usi!J.g the equivalent circ:uit given in 
F~gure 12, altho~gh the mathematical analysis as~umes a 
sharp frequency cut off. The signal current, I , is equal 
. s 
to 200 times the current through the load resistor of the 
detector givi~g a cu~rent . gain of 100 through the output 
since the signal current is shared equally by the load 
resistor and the output resistor. 





Figure 12.--Equivalent Circuit of . Amplifier 
50 Q 
.From fiber bandwidth requirements the bandwidth of 
the amplifier is chosen to be .25 GHz. This is well . with-
in the state-of-the-art for wide band amplifiers 115] . 
For the amplifier model chosen the bandwidth, f, is given 
by 
f - l/(2rr~C) - .25 GHz ( 2 7) 
The load resistance (Rload) and the output resist-
ance (Rout> are assumed to be 50 Q. Req is the equivalent 













Now, substituting in equation (27) 





Since the rise time is th~ time reqpired for a de-
caylng exponential to fall from its 90 percent level to 
its 10 percent level, the rise time .of this model is · l.4 
ns. Cohen [15] reports using a 150 ps rise time wide-
bandwidth amplifier. An amplifier -bandwidth wider than 
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.25 GHz is not · necessary in -this system, since the re~ponse 
time of the fiber would limit the system bandwidth to this 
value ln any case. 
The amplifier model contains a noise . current source, 
I . Equivalent ·input noise currents - of 4.5 pA7 )Hz' are 
n 
typical for low-noise, h~gh speed transimpedance ampli-
fiers commonly used for optical communications [16]. For 
the nolse bandwidth of .25 GHz we get an equivalent input 
J 
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noise current of . 0711 va rms referred to the ·input. The 
no1se at the output has been amplified by 100, therefore 
the equivalent noise current referred to the output resis-
tor is 7.11 11a rms. Since the load resistor als·o sees 
7.11 11a rms no1se current, the noise generator produces 
14.2 11a rms. The no1se source is modelled usi~g a 
Gaussian random number generator with a mean of zero and 
a standard deviation of 14.2 ]Ja. 
System Performance 
The overall performance of the communication system 
is characterized by four performance parameters: (1) 
maximum data rate, (2) signal-to-noise ra~io, (3) . 
probability of false detection, and (4) probability of 
detection. These performance par~eters are discussed 
below and rough estimates of the values -of these para-
meters for the communication system discussed above are 
g1ven. The graded-index fiber will be used since it· · 
supports higher data rates than the step-index fiber. A 
five kilometer communication link has been chosen since 
five kilometers gives nearly the maximum attenuation t h e 
system .can handle. The 5 dB/km fiber has been chosen for 
its lovrer cost and h~gher availability than the 3 dB/km 
fiber. 
First, let us consider the max1mum data rate. As . 
33 
g1 Ven lll the modulatO.r Section 1 .tfi.e ·laSer Can .be JnOdUlated 
at a frequency· of 1.26 GHz. This corresponds to a pulse-
width of approximately .83ns. From F~gures 9 and 10 we 
see that a pulse of 1 ns will be stretched in traveling 
five kilometers thro~gh the fiber to approximately 4 ns. 
To avoid havi~g the pulses smear together in traveling 
down the fiber, the maximum data rate is .25 GHz. The 
detection system has been chosen to have a bandwidth of 
.25 GHz. Therefore, assuming matched filtering, the max-
imum data rate of the system is approximately .125 GHz. 
The signal to noise ratio is the ratio of the peak 
signal to rms no1se. First, let us consider the peak 
s~gnal out of the communication . system. As given in the 
la~er section, driving the laser with a 75 rna driving 
current when the laser is de biased at 100 rna gives a 
laser ouput power of approxim~tely lOmW. Fifteen per-
cent of this power can be coupled into a graded-index 
fiber I8]. Therefore, we have 1.5mW into the fiber. 
According to F~gures 9 and 10 the 5 dB/km fiber of length 
5 km attenuates by a factor of approximately 10- 3 giving 
1.5 ~w out of the fiber. Using a quantum efficiency of 
40 percent and optical frequency of 3.33 x 10 14 Hz (i.e., 
a wavele~gth of .9 ~m) and an .optical power of 1.5 ~W we 
get a photocurrent into the detector of .436 ~a upon 
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applyi~g- equati.on (.26.} . The· avalanche photodi.ode multi-
plies this s~gnal by· a . factor of 100 . givi~g a s~gnal out 
of the detector of 43.6 va. Th.e amplifier multiplies this 
s~gnal by 100 . givi~g a s~gnal of 4.36 rna out of the amp-
lifier. 
The rms no1se of the detector 1s g1ven by the rms 
sum of the shot noise and the thermal noise. From the 
detector model we see that the rms thermal noise is 
.524 ~a. For a primary photocurrent of .436 ~a into the 
detector we get 1.25 ~a rms shot noise out of the detector 
according to equation (25). This gives a total detector 
rms noise of j (1.25 ~a) 2 + (.524 ~a) 2 which equals 
1.36 ~a. The amplifier multiplies this no1se by a factor 
of 100 giving an rms no1se due to the detector . of .136 rna. 
The internal rms amplifier noise is given in the amplifier 
section as 7.11 ~a referred to the output. Therefore, the 
total system noise is J (7.11 x 10- 3 ma) 2 + (.136 ma) 2 which 
equals .136 rna. ' Thus we have a signal-to-noise ratio of 
S/N - 4.36 rna - 32.1 ~ 30.1 dB ( 31) 
.. 136 rna 
The signals in this communication system are de-
tected by means of a threshold detector. If the s~gnal 
out of the amplifier lS greater than the threshold level a 
pulse is detected. The threshold level is pre-set based 
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on the expected s~gnal level and the rms value of the 
system noise [17]. As a rule of thumb, for high signal-
to-noise ratio systems we shall let the threshold be set 
at 1/2 the sign~rlevel givi~g a threshold-to-noise ratio 
of 1/2 the signal-to-noise ratio, . . 1.. e. ' 
T/N = . ~(S/N) = ~(32.1} ~ 16.1 (32) 
The probability of false detection 1.s the probility 
that a signal will be detected when no signal is present. 
[17] The probability of false detection (Pf) assum1.ng 
I 




where T/N is the threshold-to-noise ratio. For this 
communication system equation (33) gives a probability of 
false alarm of 
e = (34) 
The probability of detection is the probability that 
a pulse will be detected when a pulse is present. The 
probability of detection (Pd) is given by [18] · 
P d = 1z { 1 + erf . [~ (S/N, - T/N~} (35} 
where S/N is the-- signal-to-noise ratio~ _ and T/N is the 
threshold-to-noise ratio. For this communication system 
we get ._ a probability of detection of 
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Pd"' 1z {1 + erf [~ (32.1- 16.1~} =· 1z Il + erf (16.0)] 
~ 1. (36) 
From these performance parameters, it is evident 
that the system has more than adequate s~gnal-to-noise 
ratio. The system has been conservatively- designed to 
allow for added losses such as splic~s in broken fibers. 
If, for example, we have 8 dB of additional loss due to 
fiber splices and other previously neglected sources of 
loss, the signal-to-noise ratio is B~43. · Choosing- a 
threshold-to-noise ratio of 4.22 we get a probability of 
false detection of 7.84 x 10- 5 and a probability of de-
tection of (l - 1.22 x 10- 5 ) ~ 1. The total probability 
of error is the sum of the probility of detecting a signal 
when no signal is present plus the probability of not de-
tecting a signal which is present, 1.e. 
P e - _P f + ( 1 - P d) (37) 
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For this communicati.on system with ··g dB o:f; added los.s the 
probability of. error is 9.06 x 10- 5 • Multiply·i~g b.y the 
data rate (.125 GHz), we get an error rate of 1.13 x 10 4 
errors/second. A maximum ·allowable probability· 9f error 
for typical communication links is 10- 5 • Thus with 8 dB 
. . 
of additional loss this system is marginally within the 
operating specifications of a typical communications 
system. 
III. ANALYSIS PACKAGES AND MODEL SIMULATION 
Two general circuit analysis programs are used in 
modelling this comrnunicatio~ system--SCEPTRE and ASTAP. 
This chapter discusses the use of these programs. 
SC~PTRE 
SCEPTRE is a unified system of computer programs 
giving dcr transient, and ac response of electronic 
circuits. Among the special features of SCEPTRE are a 
stored model feature (which gives the capability . of 
permanently storin·g ·models such as active elements or 
subcircuits for future use), a built-in diode model, and 
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a time domain convolution. SCEPTRE has a free format 
input language which permits non-programmers to use it. A 
Fortran subprogram capability is included allowing user's 
familiar with Fortran to add features to SCEPTRE. [19, 20] 
The particular version of SCEPTRE used for this 
analysis is S1JPER-SCEPTRE .· . Tt is an expanded version of 
SCEPTRE which includes analysis of mechanical, digital, 
and control systems as well as analysis of electrical 
systems. An additional feature of SUPER-SCEPTRE is a 
transfer function capability·. 121] 
The SCEPTRE input deck consists of: (1) definition 
of circuit elements, .C2} . initial conditions, .C3l defined 
parameters (such as values for constants}, .(4} requests 
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for output data tables and plots, an_d (5) . special run 
controls (such as stop ti~e and int~gration rou~ine to be 
used}. Each circuit element is defined by giving it a 
name, specifying its position ln the circuit, and giving 
it a value. The first letter of the name of a circuit 
element indicates the type of element. For example, a 
name beginning with E is a voltage source and a name be-
ginning with J lS a current source. Resistors and capaci-
tors have names beginning with R and C, respectively. The 
position of the element in the circuit is given in terms 
of the nodes it spans. The nodes follow the circuit name 
and are separated from the circuit name by a comma. The 
element value may be given by a number, a table, an equa-
tion, or a Fortran subprogram. The element value follows 
the nodes and is separated from the nodes by an equal sign. 
Any consistent set of units may be used ln SCEPTRE. 
The set chosen for use in this paper is given in Figure 13. 
An example of an input statement defini~g a circuit 
element is 
3-1 - 100. ( 1) 
The statement defines a current source named JBL. The · 
current source . goes from node 3 to node 1 and has a value 
of 100. ma. 
Resistance Kilo-ohms (Kr2) 
Capacitance Picofarad (pf) 
Inductance ~Iicro-Henry (J.lH} 
Current Milliamp (rna) 
Volt~ge Volt (v) 
Frequency Giga-Hertz (GHz) 
Time Nanosecond (ns) 
Figure 13.--Units Used 1n SCEPTRE Computer Analysis 
The types of output which can be reqqested are 
tables and plots of the current or voltage across any 
element. as a function of time. Also tables and plots of 
the current or voltage across any element can be _ given 
relative to the current or voltage across it or relative 
to any independent parameter. 
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The following examples illustrate the simulation of 
the three major subsystems of the communication system. 
(transmitter, transmission medium, and receiver) usi~g 
SCEPTRE. 
Example 1.--Transmitter 
The transmitter consists of the laser and the modula-




















































































































SCEPTRE analysis. Two square pulses glven by 
75 rna, 1 ns < t < 2 ns and 3 ns < t < 4 ns 
JDL(t) -
0 , other#ise (2) 
(where t lS time) drive the laser. The laser is de biased 
· at 100 rna. The internal resistance of the laser (RIL) is 
1.78 n. Since the voltage across the diode is high the 
diode behaves like a la~ge conductance. Therefore, the 
diode in this model has been replaced by a small resist-
ance (RDI) of 1 n. The shunt resistance of the laser is 
assumed to be 10 4 Kn. 
The current into the modulator is set equal to the 
current through the diode or through the internal resist-
ance of the laser; i.e., 
JSM - IRIL -. ( 3) 
where IRIL is the current through the internal resistance 
(RIL) of the laser. The modulator has a capacitance of 
1.14 pf and has a load resistance of 100 n. 
The SCEPTRE input data is . given in Figure 15. The 
laser drivi~g current is given ln tabular form. The 
capacitor is initially cha~ged to 10 v. The ·circuit 
CIRCUIT DESCRI.PT-I-DN 
LASER AND 1-10DULATOR MODEL 
ELE.MENTS 
JDL 1 3-1=~ABLE 1 (TIME) 
JB L I 3- J_ = ~ 0 0 • 
RIL 1 1-2= •. 00178 
RDI,2-3= •. 001 
RLL,1-3=~0000. 
JSM 1 3-4=~. *IRIL 
CM 1 3-4=~.14 
RLM, 4-3= •. 1 
OUTPillS 
VRLL 1 VRLM 1 PLOT 
FUNCTIONS 
TABLE 1 
Q • 1 0 • 
1. 10 • 
1. 1 7 5 • 
2 • 1 7 5 • 
2 • 1 0 • 
3 • 10 • 
3.175. 
4 • 1 7 5 • 
4. • 1 0 • 






. Figure 15.--SCEPTRE Input Deck for Transmitter 
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analysis is to. be run from zero to ten nanoseconds. The 
outputs requested are tables and plots of the voltage 
across the shunt resistance of the laser and of the volt-
~ge across the load resistor of the modulator as a func-
tion of time. These plots are . given in Figures 16 and 17. 
It can be seen that the capacitance of the modulator 
rounds the leading and the trailing e~ges of the laser 
pulses. 
Example 2. --Transmission :f\1edi um 
The transmission medium (optical wav~guide) is 
modelled using the time domain convolution feature of 
SCEPTRE. F~gure 18 gives the equivalent ciEcuit of the 
optical wav~guide. The left-hand portion of the circuit 
is used to couple the ene~gy from the modulator into the 
fiber. The right-hand portion of the circuit is used to 
couple ene~gy from the fiber into the detector. In 
general (when running the t:-otal system) the resistan·ce of 
these circuits may vary with time and the expressions 
relating JF to RIF and EOF to the voltage across the fiber 
may become more complex than the relationships given below. 
In this example the input current pulse is a Gaus-
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JIF 10Kr2 RIF JF t 
=IRIF 
KF EOF 
Figure 18.--0ptical Waveguide Equivalent Circuit 





where t is time. The resistance of the input coupler 1s 
10 Krl. The current into the fiber (JF) is set equal to 
the current through the resistance of the input coupler, 
l.e. 
JF - IRIF (5) 
where IRIF is the current through resistor RIF. 
The impulse response of the fiber is stored ln 
tabular form in a data set on the time shari~g system 
under code number 1002. F~gure 19 is a listi~g of this 

















































- 3 .55 







- 3 . l 5 



















-2. l 5 





















































• 0 01 } 3 
.nol 13 
.00113 
• (l 0) 1 3 




































-1 • 8 0 
-1. 7 5 
-1 • 7 0 
-1.65 
-1. hO 
-1 • ss 
- 1 • s 0 
-1 . 4 5 
-1. 4 0 
-1 . ) 5 
-1 . 10 
-1. 2 5 
-1.;>0 
-1. l 5 
-1. l 0 
-1. ()5 

















-0. l 5 











































~~gure 19 (Continued I. -::---:--r.mpulse ·EeS}?onse 1{uncti.on o~ 




le~gth 5 km and of attenuation 5 dR/km lS used in this 
analysis. SCEPTRE accesses this data set to convolve the 
input_ s~gnal (J·F) with the impulse response of the fiber. 
SCEPTRE sets up an internal voltage source (EKF) . and re-
sistance (RKF) for the box labelled KF which vary with 
time. 
The output coupler ln this example consists of a 
voltage source (EOF) and a load resistance (RLF} . Th .. e 
voltage EOF lS glven by the sum of the fiber's voltage 
source plus the voltage across the fiber's resistor, i.e., 
EOF - EKF + VRKF (6) 
where VRKF lS the voltage across .the fiber's internal 
resistance (RKF) • 
The SCEPTRE input data is glven ln Figure 20. The 
Rutta-Kunga inte~ration routine must be used when uslng 
the convolution feature. The circuit analysis is to be 
run from zero to six nanoseconds. The input function as 
seen across the resistor RIF is given in Figure 21. The 
output pulse across the load resistor RLF is given ln 
Figure 22. The stair-step output pulse is a result of 
putting a la~ge jump discontinuity into the impulse re-
sponse function. From these curves it can be seen that 
tl1e puls.e is s.tretch.ed, attenuated, and delayed by the 
CIRCUIT DESCRIPTieN 
OPTICAL FIBER MODEL 
ELEMENTS 
JIF,l-2=EQUATION 3 (TI~) 
RJ:F, 2- ~=10. 
JF,l-3=EQUATION 1 (IRIF} 
KF,l-3=~CONVE(l002.) 
RF,l-3=.1 
EOF, l-4=EQ:UATION 2 (VRF) 0 
RLF,l-4=10. 
OUTPUTS 
VRrF, VRLF I PLOT 
FUNCTIONS 
EQUATION 1 (IRIF) = (IRIF) 
EQUATION 2 (VRF) = (VRF) 




IMPULSE RESPONSE BUFFER=300 
INPUT FUNCTION BUFFER=900 
COMPRESSION CRITERION=.OOS 
END 
Figure 20. --SCEPTRE Input Deck for Fiber. 0 
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fiber. The results given in ~igure 22 match closely the 
output pulse from the 5 km, 5 dB/km parabolic index fiber 
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Example 3 .'--Receiver 
The receiver consists of the detector and the ampli-
fier. Figure 23 _ gives the equivalent circuit used in the 
SCEPTRE analysis. Two square input pulses (JSD) .. given by 
.1 rna, 10 ns 5 t ~ 20 ns, 30 ns ~ t ~ 40 ns 
JSD(t) -
0 , otherwise (7) 
(where t is time) are incident on the detector. The noise 
sources (thermal - JTHRM, shot--JSHOT, and amplifier--JNA) 
are modelled using Fortran subroutines which call Gaussian 
random number generators. Using the noise equivalent band-
width of the detector (.8n/2 GHz) in equations (22) and 
(23) of Chapter II, we get the rrns thermal ~and shot noise . 
The thermal noise source has a mean of zero and a standard 
deviation of 1.17 ~a. The detector and amplifier elect-
ronics will roll off this noise to the system bandwidth. 
The shot noise depends upon the signal current. It has a 
mean of zero and a standard deviation of 
10 3 j 8 . 6 0 X 10- 1 3 + 1 . 6 0 X 10- 1 a ( JS D) ' rna. 
The amplifier noise l1.as a mean of zero and a standard de-
viation of 14.2 x 10- 3 ma. The Fortran subroutines for 



















































































































DOUBLE PRECISION FUNCTION ~THRM(PKl) 
REAL*8 PKl 
IF(PKl.NE.O.DO}GO TO 10 
ISEED1=17 





Figure 24.--Therrnal Noise Subroutine for SCEPTRE 
DOUBLE PRECISION FUNCTION FSHOT (PK2 ,JSD) 
REAL*8 PK2,JSD,SD,CUR 









F~gure 25.--Shot Noise Subroutine for SCEPTRE 
DOUBLE PRECISION FUNCTION FNA(PK3) 
REAL*8 PK3 
IF(PK3.NE.O.DO)GO TO 10 
ISEED3=19 
PK3=l.DO 




F~gure 26.--Alnplifier Noise Subroutine for SCEPTRE 
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The shunt resistance · (RID1 of. the detector is 100 
KS1, the internal capacitance (.CID} is 30 pf, and the 
series resistance (RSD) is 5 n. The detector has a load 
resistance (RLD) of 10 n. · 
The signal current (JSA} into the amplifier is 200 
times ~he current through the load resistor of the de-
tector, i.e. 
JSA - _200. * (IRLD) (8} 
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This g1ves a current ga1n of 100 thro~gh the output resis-
tor of the amplifier since the signal current is shared 
equally by the load resistor and the output Tesistor. The 
load resistance and output resistance are e~ch 50 n and 
the capacitance of the amplifier is 25.5 pf. 
The SCEPTRE input data is given in. Figure 2 7.. Th.e 
circuit analysis 1s run from zero to one hundred nano-
seconds. Figure 28 gives the output pulse from the de-
tector. The output s~gnal from the amplifier is _ given 1n 
Figure 29. It can be seen from these figures that the 
amplifier amplifies the signal by one hundred. The cap-
acitance of the detector and of the amplifier rounds t h e 
leadi~g and the traili~g edges of the pulses. The thermal 
and shot noise sources are plotted in Figures 30 and 31, 
respectively. From Figure 31 w·e see that the shot noise 
is greater when the s~gnal is present than when it is not 
CIRCUIT DESCRIPTION 
DETECTOR AND AMPLIEIER MODEL 
ELEMENTS 






JSD,3-~=TABLE l (TIME) 
JSA,3-4=200.*IRLD 
JNA, 3-4=~NA(PK3) 












10 • 1 Q • 
10. ' . l 
20.,.1 
20.,0. 
30. ,0 .. 
30 • 1.1 
40.1.1 









MINIMUM ABSOLUTE ERROR=.OOS 
MAXIMUM ABSOLUTE ERROR=.Ol 
MINIMUM RELATIVE ERROR=. 005 
MAXIMUM RELATIVE ERROR=.Ol 
END 
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present. . The amplifier noise source is · plotted 1n F~gure 
32. 
By· combining these three examples and choosi~g 
. -
proper coupli~g expressions in the fiber model, the total 
communication system can be. executed in one computer run 
on SCEPTRE. Next let us explore the case of modelling 
this communication system using an electronic des~gn 
program havi~g no time convolution capability. 
AS TAP 
ASTAP (Advanced Statistical Analysis Program) is a 
program used for the des,ign and reliability analysis of 
linear or nonlinear electrical networks. ASTAP can be 
used to simulate any physical system which can be repre-
sented by a network_ model . Th.e program can be used for 
de, ac steady-state, or transient analysis. ASTAP feat-
ures a Monte Carlo statistical simulation which can be 
used to analyze the effect of component value variations 
on network performance. [22] 
ASTAP does not include a time convolution capa-
bility. Therefore, the communication system is run in 
three separate portions--transmitter, transmission med-
1um, and receiver. The output of the modulator is written 
onto a data file on the time sharing system by the ASTAP 
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been written (Appendix 2) to convolv·e the pulse into the 
fiber with the impulse response function of the fiber. 
The convolution routine also handles the coupling between 
the modulator and the fibe'r and the coupli~g between the 
fiber and the detector. The results of this convolution 
are written into another data set on the time shari~g 
system. This data file is read by the ASTAP receiver 
model as the input function. Altho~gh this method of 
dividing the communication system into three separate 
computer runs seems cumbersome, it does have a s~gnifi­
cant advantage. The advantage is that one transmitter 
run can be used for many different transmission medium and 
receiver runs without recalculati~g the laser and modulator 
response. Also one transmitter and one fiber run can be 
used for many differnet receiver runs with nri need to re-
calculate the transmitter and fiber response. 
The input language for ASTAP is nearly identical to 
the free format input language used by SCEPTRE. A Fortran 
subprogram capability 1s available with ASTAP as with 
SCEPTRE. Any consistent set of units may be used by ASTAP. 
The same set of units used for SCEPTRE (Figure 13) ·are 
also used for ASTAP. 
The followi~g examples illustrate the simulation of 
the three majo~ subsystems of the communication system 




The transmitter consists of the laser and the modul-
ator. The same example run by· SCEPTRE in the previous 
section 1s run by ASTAP. Figure 14 is the equivalent 
circuit used. The diode is modelled as a diode by the 
diode equation 
I = .Is exp IqVj/n.kT -lJ ( 9) 
where I 1S the saturation current, q is the electronic 
s 
charge, v. lS the junction voltage, n. 1S a constant of J 
the diode, k is Boltzmann's constant, and T 15 the temper-
ature. ASTAP has a built-in diode model. It is not nee-
essary to replace the diode by a small resistance for 
la~ge volt~ge since ASTAP automatically replaces the diode 
by a large conductance when the voltage gets too large . . 
The ASTAP input data for the transmitter is given in 
F~gure 33. The value of the resistance (RLM) is given 1n 
a Fortran subroutine as 100 n. This subroutine (Figure 34) 
writes the time and voltage across RLM into a data file 
on the time shari~g system. The output of the laser and 
modulator are plotted in Figures 35 and 36, respectively. 
These results agree with the output of SCEPTRE given in 
F~gures 16 and 17. 
MODEL DESCRIPTION 
LASER AND MODULATOR 
MODEL LASER AND MODULATOR (RETAIN) c. · · } 
ELEMENTS 
JBL I 3-1=10 0. 
JDL 13-1=TABLE 1 (TIME) 
RIL 11-2=. 00178 · 
JDIL 1 2-3~(Dt0DEQ(8.57E-14 1 2~VJDIL)) 
RLL,l-3=10000. 
JSM 1 3-4= ( 1. *IRIL) 
CM 14-3=-1.14 
RLM 14-3= (FWRIT.(\JRLM,TI.ME)) 
FUNCTIONS 
TABLEliO. 10. 11. ,0. 11.175. 12.175. 12. 10. I 
3 • 1 0 • 3 • 1 7 5 • 1 4 • 1 7 5 • 1 4 • 1 0 • 1 10 • 10 • 
EXECUTION CONTROLS 
ANALYZE LASER AND MODULATOR (TRANSIENT) 
RUN NUMBER 1 1 28 JUNE 1977 
RUN CONTROLS 




PRINT, VRLL, VRLM 
PLOT VRLL(LASER OUTPUT VOLTAGE) 
PLOT VRLM(MODULATOR OUTPUT VOLTAGE) 
END 
F~gure 33.--ASTAP Input Deck for Transmitter 
OOUBLE PRECISION FUNCTION FWRIT (VRLM 1 TI~) 






Fi.gure 34. --Subroutine for Wri ti~g Modulator Output onto 
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Example. 5. --Transmission Medium 
The convolution program (Appendix ·2·· ) reads the mod-
ulator output data from the time sharing system data set. 
It converts these volt~ges into optical power into the 
fiber assumi~g a . linear relationship with current or . 
voltage usi~g the relationship 
P . l (t) - A(VRLM(t) - VDC) 
optlca (10) 
where t is time, A is constant of units mW/v, VRLM is the 
modulator output voltag·e, and VDC is the de voltage level. 
The constant A is evaluated by considering the peak sig-
nal. From Chapter 2, we know that the optical power is 
given by 
p . 
opt leal - nl· nc P 1 · 1 e .. ectr1ca 
. (-11) 
where n. 1s the laser efficiency, n is the coupling 
1 c 
efficiency, P 1 . 1 1s the electrical power. VRLM is e . ectri.ca l
the voltage across the modulator's load resistance, and 
RLM is the modulator's load resist.ance. Using a laser 
efficiency of .33 percent, a coupling efficiency o.f 15 
percent and a load resistance of 100 Q, the peak optical 
75 
power 1s g1ven by 
p - 4.95 X 10-fi (VRLM } 2 
optical max (12) 
The maximum output volt~ge for a laser driven by 175 rna 
(VRLM ) is · approximately 17.5 v giving a peak optical 
max 
power of 1.5 mW into the fiber. Thus 
A= .P . /(VRLM-VDC ) = 1.5 mW/.(17.5 v · -10 v = 
opt1cal max 
.200 W/v. ( 13) 
The program then convolves the laser power into the 
fiber with the impulse response function of the fiber by 
numerically integrati~g the expression 
)oo h(A} x 
-oo ( 14) 
where h(A) is the impulse response of the fiber and x(t) 
is the optical pulse into the fiber. · As in the SCEPTRE 
example the input pulse is a Gaussian pulse of 1 ns mean 
and .25 ns standard deviation . given by 
76 
JIF(t) _ B e-.5I(t- 1.0)/ .25] 2 (15) 
where t is time and B is an amplitude scale factor. The 
5 km, 5 dB/km parabolic index fiber 1s used. The optical 
power out of the fiber is converted to a photocurrent into 
the detector by the relationship 
q p . 1 
= 11 opt1ca h. A (16) 
where 11. is the quantum efficiency, q 1s the electron ic 
charge, P . is the optical power, ~ is Planck's 
opt1cal 
constant, and v is the optical frequency. Assuming a 
quantum efficiency of 40 percent and an optical frequency 
of 3.33 x 10 14 Hz (since the wavelength is .9 ~m) we · get 
the .following relationship between optical power out· of 
the fiber and detector photocu~rent, 
I 
ph 
~ .29 p 
optical 
( 17) 
The resulting photocurrent as a function of time is written 
77 
onto a data set on the. time ·sha:ri!lg sy·stem for future use 
as an input function to th.e AS TAP receiver mode I. 
The result of this analysis is glven in F~gure 37. 
It is consistent with the results of Chapter 2 and with 
the SCEPTRE analysis except for the vertical scale factor. 
Example 6.~-Receiver. 
The receiver consists of the detector and the ampli-
fier. The same example run by SCEPTRE in the previous 
section lS run by AS TAP. F~gure 23 is the equivalent 
circuit used. The rms thermal, shot, and amplifier noise 
currents are the same as given in Example 3. The noise 
sources are modelled using Fortran subroutines which call 
Gaussian random number generators. The Fortran sub-
routines used in modelling these noise sources are given 
ln F~gures 38 through 40. 
THE ASTAP input data lS given ln Figure 41. The 
circuit analysis lS run from zero to one hundred nano-
seconds. F~gure 42 gives the output pulse from the de-
tector. The output signal from the amplifier is given in 
Figure 43 . . These results are consistent with the results 
of Example 3. Plots of the thermal, shot, and amplifier 
noise currents as a function of time are glven in Figures 




















































































































































































X=RDNOG (SD) · 
FTHRM=l. DO *X 
RETURN 
END 
Figure 38.--Thermal Noise Subroutine for ASTAP 











F~gure 39.--Shot Noise Subroutine for ASTAP 






_FNA=~. DO *X 
RETURN 
END 
.F~gure 40. --Amplifier Noise Subroutine for AST.AP 
79 
MODEL DESCRIPTION 
DETECTOR AND AMPLIFIER 








RLD , 2- 3'= . 0 1 0 
JSA, 3-4= (200*IRLD) 
JNA, 3-4= (FNA(TIME)) 




TABLEl 0. ,0. ,10. ,0. ,10., .1,20., .1,20. ,0. ,30. ,0. ,30., .1, 
40. ,.1,40. ,0. ,50. ,0. 175. ,0. ,100. ,0. 
EXECUTION CONTROLS 
ANALYZE DETECTOR AND AMPLIFIER (TRANSIENT ONLY) 
RUN NUMBER 1, 25 JULY 1977 
RUN CONTROLS 








PLOT VRLA(AMPLIFIER OUTPUT VOLTAGE)' 
PLOT VRLD (DETECTOR OUTPUT VOLTAGE) 
PLOT JTHRM (THERMAL NOISE) 
PLOT JSHOT (SHOT NOISE) 
PLOT JNA (AMPLIFIER NOISE) 
END 
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We now have two methods o~ analy·zi!lg the ·commun-
ication system. One method is a ci'-rcui t analysis pr~gram 
(SCEPTRE) with an internal time domain convolution and 
.. - · . 
the other method uses an electronic design program (ASTAP) 
with an external convolution program. The next chapter 
will use these methods to analyze the total communication 
system described in Chapter 2. 
97 
IV. COMMUNICATION SYSTEM EXAMPLES 
· In this chapter two communication systems are ana-
lyzed--an idealized point to point communication system 
and a more practical real world communication system. The 
real world system includes additional signal loss due to 
splicing and bendi~g of the fiber, coupli~g loss due to 
line switching, and general system d~gradation. S~gnal to 
noise ratios and error rates are determined for these 
systems. 
Example 7.--Idealized Point to Point Communication System 
In this example the separat~ component models dis-
cussed in Chapters 2 and 3 are combined into a total sys-
tem model and run in one computer run using SCEPTRE. 
Typical output waveforms at various points in the system 
are given. 
The data format chosen for this system consists of 
d~gital data interpreted as a "1" if a positive voltage 
above a specified threshold level lS present and a 11 0" if 
there is not a h~gh eno~gh positive volt~ge present. One 
bit is sent every 10 ns givi~g a data rate of 100 MHz. The 
pulsewidth of the Laser has been chosen to be 1 ns. The 
pulse is stretched to about 4 ns in travelling thro~gh the 
98 
fiber. The delay· between pulses· provides· timi~g informa-
tion for the receivi~g electronics. Also, the lo~g off-
time 1mproves laser lite-time by· reduci~g the duty cycle. 
In this example, two· positive bits are sen.t thro~gh 
the system. The laser drivi~g current consits of two 
square pulses given by 
7 5. , 4. 5 ns < t < 5. 5 ns, 14. 5 ns < t < 15 .·s ns 
x(t) -
o. , otherwise. (1) 
The laser and modulator models described 1n Chapters II 
and III are used. The peak output power of the laser is 
-10 mW. The coupli~g efficiency between the laser and the 
fiber is assumed to be fifteen percent. 
The pulses into the fiber are convolved with the 
impulse response function of the 5 km, 5 dB/km parabolic 
index fiber described in Chapters _II and III. The detect-
or and amplifier models described in Chapters II and III 
are used. 
The total system (including noise) has been analyzed 
1n one computer run using SCEPTRE. The waveforms at the 
output of the transmitter, fiber, . and receiver are given 
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and 48 it can be seen that the· J?Ulse is stretched from 
approximately 1 ns to about 4 ns in travelli~g thro~gh the 
fiber. Also, . t .h.e pulse out of the fiber is delayed in 
time and attenuated compared to the pulse into the fiber. 
The capacitance of the detector and amplifier rounds the 
leading and trailing e?ges of the pulses as shown in Fig-
ure 49. 
The signal to no1se ratio is derived by exam1n1ng 
the peak signal and the rms noise received. The total 
system has been run excluding noise to determine the peak 
signal received. The peak signal is about 4.6 rna out of 
tne amplifier. This is close to the signal estimated in 
Chapter II--4.36 rna. 
The system also has been run with noise and no 
signal. The rms value of the resulting amplifier outpu t 
has been calculated g1v1ng an rms noise current of .117 
rna. This is within 15 percent error of the rms noise of 
.136 rna predicted in Chapter II. 
Thus the signal to noise ratio predicted by SCEPTRE 
1s 39.3. Picking a threshold signal level, we c an deter-
mine the error rate of this system based on t he signal to 
noise and the threshold to noise ratios. Le t us choose a 
threshold signal level of one-half the p eak signal lev,el 
expected. This gives a threshold to noise rat~o of 
imately 19. 7. 
rox-
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From Chapter II the·. ·;probability. of false: ·de.t .ecti.on 
(i.e., the .probability of detecti~g a s~gnal wh.en no 
signal is present lS given by· 
pf - (. l/!3) e-. 5 (T/N.) 2 (2) 
where T/N lS the threshold to TIOlSe ratio. Applyi~g the 
threshold to noise ratio predicted by SCEPTRE we get a 
probability of false detection of approximately 3 x 10- 85 • 
Also, from Chapter II the probability of detection 
(i.e., the probability of detecting a signal when a sig-
nal is present is given by 
I • 
Pd = .5 . {1 + erff(l/ jT) (S/N- T/N)]} (3) 
where S/N lS the signal to noise ratio and T/N is the 
threshold to noise ratio. Therefore, the probability of 
detection of this system is approximately (1 -1 x 10- 44 ). 
The probability of error is the sum of probability 
of false detection and the probability of not detecting 
a signal which is present; l.e., 
(4) 
Therefore, the probability of error of this communication 
system under ideal conditions is~ 1 x 10- 44 • Multiplyi~g 
by the .data rate (.125 GHz) we get an error rate of 
approximately 1 x 10- 36 errors/sec. Thus we would not 
104 
expect the comunicati.on systerri to. make errors under ideal 
conditions. 
Example 8.-~Practical Co~unication System 
In actual practice system performance 1s d~graded 
due to -. bending and . splicing of the fibers, environmental 
conditions such as high humidity, and many other undesir-
able conditions. Also most practical ·systems contain 
switching couplers allowing communications between many 
different data terminals. This example examines system 
performance when the conditions are less than ideal. ASTAP 
is used to analyze this system. 
Let us assume that the fiber link contains an aver-
age of three splices per kilometer. Thus ·for the 5 km 
system we have 15 splices. This results in a loss of 2.1 
dB, assuming a loss of .14 dB/splice {23]. 
Oscillating curvature components whose period coln-
cides with the beat period between two modes lead to a 
transfer of power from lower to higher modes and event-
ually lead to loss. Assuming five hundred random bends of 
about 1 mm 1n length and .5 ~m in size results in a loss . 
of about half of the modes {24]. Since power is assumed 
to be equally distributed amo~g the modes this corresponds 
to a loss of half of the signal. This is equivalent to 
a loss of 3 dB. 
105 
. 
Addi~g a unidirectional coupler of approximately 
1.5 dB loss 125] and a general degradation due to en-
vironmental conditions of 1.4 dB, we get an overall loss 
of 8 dB in the practical s·ystem beyond the losses encount-
ered 1n the ideal system. 
The same connnunication sy·stem analyzed in Example 7 
1s analyzed here. However, in this exampl~ an adqitional 
8 dB of loss takes place between the transmitter and the 
rece1ver. Figures 50, 51 and 52 give the output waveforms 
from the transmitter, fiber, and receiver, respectively. 
The total system has been run on ASTAP with s~gnal 
and no noise giving a peak signal of approximately .7 rna. 
This is consistant with the peak signal prediction. Apply-
ing 8 dB of loss to the estimated received signal for the 
ideal case g1ves a predicted received signal for the pract-
ical system of .69 rna. 
The system has been run with noise and no s~gnal 
resulting 1n an rms no1se of 42.8 ~a. Thus the signal to 
noise ratio for the practical system is 16.4. · This is 
much higher than the s~gnal to noise ratio predicted in 
Chapter II--8.43. This discrepancy is due to an inherent 
inaccuracy in the noise modelli~g which is discussed 1n 
Appendix 3. 
Usi~g the s~gnal to noise ratio of 16.4 and choosi~g 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A A A A A
 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































o2·o st·o . ot·o so·o 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































false detection of~ 1.4 x 10-~ 5 and a probability of 
detection of approximately ( l - 8.1 x 10-g). For these 
error values the probability of error would be~ 8.1 x 10- 9 
and the error rate would b.e 2 errors/sec. 
114 
V. CONCLUSIONS 
The feasibility of modelling an optical cornmunl-
cation system usi~g a standard electronics design program 
(such as SCEPTRE or ASTAP) has been demonstrated in this 
paper. Knowledge about the pulse shape and timing as well 
as pulse amplitude can be . gained by· such an analysis. 
Thus, this type of analysis is a useful tool in deter-
mlnlng data rates and in designi~g equalization or compen-
sation circuits. 
The transmitter (laser and modulator} and rece1ver 
(detector and amplifier) are modelled using equivalent 
circuits for the separate components. The transmission 
medium (optical fiber) lS modelled using an impulse re-
sponse function. 
Two optical fibers have been considered for use in 
the communication system analyzed in this paper--a step-
index fiber and a square-law (parabolic index) fiber. 
Both fibers attenuate, stretch, and time delay the signal 
pulses. The square-law fiber was chosen for use in this 
system since it has a much narrower impulse response 
function than the step-index fiber resulting in much less 
pulse stretchi~g. , Therefore, the square-law fiber can 
handl~ much h~gher data rates than the step-index fiber. 
115 
The detector and amplifier ' noise h.ave been modelled 
usi~g no1se currents generated by a ·Gaussian random number 
generator. S~gnal to noise ratios and error rates for the 
communi cation system have been determined using ~he com-
puter analysis. The results showed good correlation with 
expected performance with the exception of the system's 
rms no1se. The noise analysis can be improved by band-
limiting the noise source. 
116 
APJ?ENDLX 1. 
DERIVATION OF I~ULSE RESPONSE FOR MULTIMODE, OPTICAL 
WAVEGUIDES WITH:. CIRCULARLY SYMMETRIC INDEX PROFILE. 
The optical waveguide in this paper is modelled by 
an impulse response function which is a· function of the 
radial index profile. The impulse response of a general-
ized circular waveguide is derived below. 
Several simplifying assumptions are made: (1) The 
index profile is assumed to be circularly symmetric, (2) , 
the index profile is a monotonically, non-increasing 
function of radius from the center of the core to the 
cladding, (3) the core diameter is large compared to the 
wavelength allowing a large number of modes to propagate, 
(4) the total .index change within the core lS small so 
that the propagating modes can be considered transverse 
electromagnetic, (5) index variations over the distance 
of a wavelength are negligible so that the zeroth order 
WKB (Wentzel, Kramers, and Brillouin) method applies. [26] 
Let us begin with Maxwell's equations for linear, 
isotropic materials in the absence of currents and charges 
-'dB ( 1) 





B = 0 
+ + 
\I X H = 




along with the definition of permittivity 
+ + 
D = EE 
and the definition of permeability 
+ + 
B = .J.lH 
Taking the curl of equation (l) 
\I X \I X E = 
+ 










and app1yi~g the vector indenti.t~{' 
+ . + + + + + + V- x V x A = V (V • A}-V 2 A (8} 
to the .left side and equation (6} to the right side (assum-
1ng ~ is time invariant) we get 
+ + + + + 
v (V . E) - .V 2 E = -].1 v X aH ( 9) 
-
at 
+ + + + 
Now ln the absence of cha~ge v • D = 0 or .V~ . E 0' ' 
assum1ng that E is not spatially dependent. Assuming that 
the order of the spatial and time differentiation on the 
right side of this equation can be changed, we get 
+ + 
= ~ at (V X H) (10) 
Substituting equation (3) and equation (5) into tnis 
equation and assuming that E is time invariant we obtain 
the vector wave equation 
( ll) 
Similarly, starting with the curl of equation (3) we . get 
the vector wave equation for the m~gnetic field 
119 
(12) 
Since ~E = n 2 /c 2 we can rewrite equation (11) as . 
( 13) 
We are assuming that the index profile lS circularly 
symmetric and is a function of r only, n = n(r). There-








ar + ( J_ 4) 
(15) 
Now Slnce the wave is transverse electromagnetic, E = 0. 
z 
We wish to find solutions which are harmonic in time and 
ln z. Therefore, let us assume a solution of the form 
+ + -j (~t-Sz) 
E - E(r,cp)e (16) 
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where w is the ~gular frequency and S is the prop~gation 
constant. Then equation (15) becomes· . 
a2 E -j(wt-Sz) 1 3E 
e + 
-j (wt-Bz) 




which reduces to 
r ar 
= -n 2 2 -j(wt-Sz) ? w e ( 17) 
()E(r,cp) + 
ar 




:K = w/c = 21T/A. (19) 
and n 1s a function of the radial distance, r. Finally 




and dividi~g by 1 E(r} E($} we have 
r2 
r 2 3 2 E (r) 
E (r) .ar 2 
r . - · +· -
* E (r) 
( 21) 
The elimination of all solutions which are not of the 
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product form does not lead to a severe limitation on the 
generality of the solution since by linearity (super-pas-
ition) a series of such solutions may be used when boundry 
conditions cannot be met with one solution [27]. The 
first three terms of this equation are functions of r 
o~ly and the fourth term is a function of ~ only. Since 
this equation must hold for all values of r and ¢ and 
s1nce the fourth term does not depend on r, the first 
three terms cannot vary with r either. Similarly, since 
the first three terms do not depend on ~, the fourth term 
cannot vary with ~ either. Therefore, we can separate 




E ( cp) (23l 
where v and ~~re constants. A positive constant was 
chosen for equation (22) since we expect the electric 
122 
field to decay with increasi~g r and a n~gative constant 
was chosen for equation (23) since we expect periodic 
functions in cp. · This gives us the partial differential 
equation for the radial field 
( 24) 
where v lS the azimuthal mode number. 
We shall solve the radial field equation uslng the 
WKB approach. [28, 29] Let us assume a solution of the 
form 
E (.r) u (r) - e (25) 
Then, substituting into the radial field equation, we get 
a
2
u(r) +(au(r) .) 2 + l 
ar 2 dr r 
au(r) + (k2n2-B2-v2/r2) = o 
ar 
(·26) 
Droppi~g the second partial derivative of· u(r) with respect 
to r and solvi~g for ]U(i} we . get 
"dr 
au(r) - - ~1 ± l 
ar 2r 
123 
( 2 7) 
For a g1ven S and v there are two radii, R1 and R2 , 
for which the root in equation (27) lS zero. These radii 
define a ring-shaped region within which equation (27) has 
an imaginary part so that the electric field is oscillatory 
and outside of which the electric field is non-oscillatory 
[2 9 ] • 
According to WKB theory [28, 29] decaying fields out-
side the ring-shaped area are obtained when the total phase 
inside the region is 
dr = (11 + ~)1T (2 8) 
where ~ lS the meridional mode number which is an integer. 
The 1/4 terms in the expressions (v 2 + ~) and 
(~ + ~} are important only in the case of low order modes 
and are dropped. This approximation is good a~ lo~g as we 
do not discuss individual low-order modes[26]. There-
fore, we have 
124 
dr = .JJTI. (29.) 
We now follow the derivation of the impulse response 
by Gloge and Marcatili [26] with the addition of a mode 
dependent attenuation factor. We begin by finding the 
total number of modes supported by this waveguide. From 
equation (27) we see that for decaying fields outside the 
ring-shaped region the minimum value o£ S occurs when 
v = 0 and 
or 






where n lS the cladding index. Equation (29) indicates 
c 
that the largest value for v is obtained when ~ = ~ . and mln 
~ - 0 and that the largest value for ~ is obtained when 
~ = S . and v = 0. 
m1n 
The total number of modes lS given by summing 





\) = 0 
125 
)k 2n 2-.6 2 - .v 2/r.2 . dr. 
- - m1n (32} 
The factor of 4 is included to account for the fact 
that each combination of ~ and v represents a d~grenerate 
group . of four modes of different polarization and orient-
ation. [28, 29] For a large number of modes (v large) 
max 
the variable v can be considered continuous and we can 
replace the summation by integration 
M = 4 
1f 
)k2n2-B2 . -v2/r2 
m1n 
dr dv. (33) 
The max1mwn mode v occurs on the boundary of the rlng-
max 
shaped region where 
when B = S . 
m1n 




the index profi~e is assumed to be montonically non-in-
creasing function of radius from the center of the core 
to the claddi~g index, we have periodic electric field 
solutions in the entire core region. Therefore, R1 (V) = 0 
and R2 (v) =a where a 1s the radius at which the index 
126 
n(r) reaches the cladding index n . 
. c 
Adding these integration limits and changi~g the 
order .of integration leads to the following expression for 
the total mode number 
4 M-
·7f ~ a ~r(k2n2-B2min)~ 0 0 (k2n2-s2 . mln 
(35) 













. -1 Sln 
Now s1nce S . -
mln 
integral as 
v 2 ' + 
0 
(36) 





M _ (~Tir ~ 
0 
fn 2 Cr.} - n 2 ~ rdr . (37} 
where nc 1s the claddi~g index. 
For arbitrary SCB > smin) we can rewrite equation 
(36) as 
(0) 
m( 8) ( 38) 
where m(S) 1s the number of modes having a propagation 
constant larger than S and R2 (0) is the radius at which 
k (_r) = S •. 
The class of index profiles we are interested in is 
defined by 
~1 - 2A~~)a]~ , r < a · 
n(r) - (39) 
k 
n [1 - 2ll] 2 
o · 
, r > a 
where a is a constant between 1 and oo. All .profiles reach 
the cladding index at r = a. The core index profile is 
parabolic for a = 2 and approaches a step index profile as 
a approaches infinity. 
We can find the upper limit of intergation 1n 
128 
equation (38) by solvi~~ 
(40) 
for R2 (0) which g1ves 
= a ( 41) 
Substituting for n(r) 1n equation (38) and using this 




Integrating this express1on we have 
( 4 3) 
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Finally, substituting the limits we . get 
m ( S) 
a. + 2 
( 44) 
We have the max1mum modes when S = S . 
mln Therefore, the 
total mode number is given by 
a. 
a. + 2 
The mlnlmum value of the progation constant is 
smin = n k c 
( 4 5) 
(46) 
where n is the index of the cladding which lS g1ven by 
c 
k 
n - n [1 - 2 ll] 2 • ( 4 7) 
c 0 
There f ore, S . can be expressed 1n terms of the core ffiln 




- n k Il - 2 ~J 2 • 
0 
(48) 
We can now ex2ress the total mode number as 
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M = a 2 ll n . 2k 2 
0 
a -- (no 2 k 2 ~ no 2 k 2 ll - 2 ·11]) (2./a}+l 
a +. 2 2 !1_ n. 2 k 2 
0 
( 49) 
wbi9h simplifies to 
(50) 
Next we need to find the propagation delay, T, as a 
function of the mode. The group delay in a fiber of 
length L is glven by 
T (JJ,V) = L no 
c 
dB(Jl,V) 
dk 0 (51) 
where k 0 = .nok and c is the speed of light in a vacuum. 
Let us rewrite equation (44) in terms of ko 
m = a 2 ll k 2 0 
a (k
0
2 _ 62)(2/a)+l 
a+ 2 2 11 ko 2 
(52) 
Then, so~vi~g this equation for (3 we . get B as a function 
a/(a + 
B - . [ k o 2 - 2 tJ. k . 2 (rn (a + 2 ) . J 
o a 2 !1 k . 2 a. 
0 . 
(53) 







2/J.k 2 (-m __ 
0 a2!J.ko2 







k (2-a)/(2+a). (~ 9.+-2)a/(a+2 )J 
o . a2/1. a 
.!_ rk 2 . - 2/J. 
. L 0 
which reduces to 
a + 2 )a/(a+2} k 
a o 
k 




- 2al (a +2) 











a + 2 
[ 1 - ( B 2 /k o 2 ) y -;- { 1, - ( 1 - B 2 /ko -2l ~ . 
(57) 
we can rewrite the time delay as 
T 77 (Ln o I c) · { I 1 - 4 8 I ( a + 2 ) ] I ( 1 - 2 ) ~ 









where the impulse response lS normalized for total unit 
ene~gy (by d.i vi ding by the total number of modes (M) ) and 
propagation ~o_ss (by multiplying by the factor e -yq ( 6 ) L 
which i s the attenuation of the waveguide of length L) . 
The c onstant Y is the attenuation coefficient of the 
waveg u i de and the parameter q(6} is a factor which gives 
the a dded distance traveled by the various modes of t h e 
wa ... Jeguide. From equation (59), q(6) is found to be giv e n 
by 
q ( 6 } ~ - · I l - 4 cS I ( a + 2 ) J I I 1 - 2 cS. J (61 ) 
Put t ing the exponent ln terms of the travel timeT, we 
have that 
q ( S ) L = CT /n 
. 0 
( 6 2 } 
-c-r/no 
so that the attenuation factor becomes e · and we c an 
rewrite the impulse response function as 
l 
F(T) - M (6 3 ) 
Since the total number of modes does not depend on T we 
can pull M inside the derivative as follows 
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d 
· dT (6 4} 
.Let us inve~tigate the quantity m. Dividing equa-
M 
tion (5-2) by equation (50) and remembering that: k = n k 
0 0 
we get 
a2 L1k. z a-
(ka 2_ 6·2) ( 2/a) + 1 
0 a + 2 2[1 k 2 m 
-
0 ( 6 5) ~1 a 
a 2 k 2 L1 0 a + 2 
which simplifies to 
( 6 6) 




_ (:)(2/a) +1 
To perform the differentiation 
( 6 7) 
d (Mm) we must find dT 
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o as a function of T. Since the la~gest value o can assume 
is & and is thus small compared to one by the assumptions 
about our waveguide, we can expand T ln a power ser1es 1n 
0 126] . 
3a-2 
a+2 
( 6 8) 
When a is not s~gnificantly different from 2 all terms 
higher than the linear term can be dropped g1 v1ng 
which yields 
a - 2 
a + 2 




upon solving for 8. At a= 2 all terms higher than second 
order can be dropped g1v1ng 
n L 
0 ( 71} 
. c 
which yields 
Q = )2 (CT 1)1 
· ··n L 0 
upon solving for o. Therefore, we have 
a + 2 (~:L -~ 2 a -
0 = 
}2 (~:L - l) 
< 
Therefore, for a > 2 
d 
dT 
a + 2 (CT _1) 









a + 2 
a 

















( 7 5) 
From equation (69) we see that when a varies from 0 
to ll, T varies from Lno to Lno . ( ·1 + a - 2 11) for a < 2. c- ---c- ·· a+2 > 
Similarly , from equation (71) we see that when 8 varies 
from 0 t o ~, T varies from n~L to n~L (1 + ~) There-
the impulse response for a significantly different from 2 






















No~~ the impul.se response for a - 2 lS given by 
(76) 
2c 
n Ll1 2 0 
:F ( T) 
0 
-ycT/n e o 
I 




( 7 7) 
These functions are the desired impulse responses of 
circularly symmetric optical waveguides with monotonically-
nonincreasing index profile of the form 
' 
no [l - 21':, (~) a]~ I r < a 
n (r) -




00010 C ** CONVOLUTION PROGRAM 
000~0 C *' DISCRETE INPUT FUNCTION, PHRABOLIC INDEX FIBER 
































































20 FORMATC' TYPE STOP TIME CNSEC>') 
r.:EA[I ( 5, *) TMAX 
T2=0. 
P2=0. 
1 0 T<1>=T2 
f'(l)=P2 
READ ( 1, 900 > T2, f'2 
900 FORMATC2E15.5> 




DO 30 I=3r500 




902 FOR:·i.:\T <' TYPe LASER SCALE Ff~CTOR, W,'l.) C *) ') 
R E 1=! l• C 5 , ~ > U f· V 
J:.;I-1 
DO 60 .J=1ri 
P(.J)=CP<J>-DC>*WPV 
60 CONTINUE 
W r.: I T E C 0 , 9 0 1 > 
901 FORM~TC20X,'TYPE <*)',/,' START TIME',/,' TIME INCREMENT',/, 
1 ' STOP TIME·> 
READC5,*) TSTRTrTINCrTSTP 
WRITEC6r?03> 





IF<liME.GT.TSTP> GO TO 80 
SUM=O. 
DO 70 ...J=2ri 
WSI=TC...J)-TC...J-1> 
riRG=TIME-T<J> 
F I BER=F A ( Af\G) 
SUM=SUM+FIBER*P<.J>*WSI 
70 CONTINUE 
CUR ( 1'1 > =29. O*SUM 












CALL AXISDCO.,O.r'TIME- NS',-9,8.60rO.O.TPCM~1>rTPCM+2>r7.0) 
CALL AXISD<O.,O.,'PHOTOCURRENT MA'rl7,7.16r90.0rCU~<H ~l),CU~ CMt2 
l)r7.0) 




























-- - ... ·--
XLL=O. 
UL=l.E9*XNO*XL*DELTA**2/C2.*C> 
IFCARG.LE.XLL> GO TO 5 
IF<ARG.GT.UL) GO TO 5 
FA =2. E-9*C*EXf· C - rilF'HA* C 1. E-9~ARGtXL*XNO/C > *C/XNO > / C XNO*XL*DEL TA:t:*2 
1 ) 
GO TO 15 







- ~OISE MODELLING CONSIDERATIONS 
The nolse model used in this paper consists of gen--
erating a no1se current pulse by- means of a Gaussian ran-
dom number generator at every step in the solution to the 
differential equations of the circuit. An accurate sol-
ution to the transient analysis depends on taki~g time 
steps which are small compared to the change in pulse 
amplitude. Since the noise changes at every time step the 
program cannot take small enough steps to analyze the 
nolse properly. 
One method of improvi~g the nolse modelling is to 
bandlimit the noise. Chen and Kwatra I30] have reported 
successful_ noise modelling on SCEPTRE by uniformly dis-
tributing in time the random currents generated by a 
Gaussian random number generator. Let us examine a method 
of applying their techniques. Let the nolse current be 
modelled by a step function the amplitude of which can 
change every ~ seconds. The amplitude -is given by calling 
a Gaussian random number generator. Since we are only 
interested in the ac component of the noise we shall let 
the mean be zero. The spectral intensity of the noise 
source lS g1ven by 
Sw 1 for 0 < f < 1/(2~} 
s. (f) -
l ( 1) 
0. 1 otherwise 
where S lS the spectral intensity of the white no1se 
w 
source. Then the variance of the no1se is given by 
( 2) 
142 
Therefore, the standard deviation of our Gaussian random 
number generator lS g1ven by 
G· == l (3) 
The spectral intensity of the white no1se source can be 
determined from noise measurements on the component being 
modelled. The sample space ~ is determined from the high-
est frequency of interest (fmax) as follows: 
~ == .1/ ( 2 f ) . 
max 
(4) 
Using this method the circuit analysis program can ana-
lyze the noise properly since the pr~gram can be forced 
to take time steps which are small compared to /1. 
In high noise systems the method described above 
may lead tq convergence problems since the pr?gram sees a 
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